other than man are scanty, even though this information is a necessary adjunct to the understanding of the control of cerebral circulation in man, since situations may arise in which it may be either too hazardous or otherwise unfeasible to obtain suitable human data. For these reasons the present study was performed .in the rhesus monkey to investigate the entire range of variation in cerebral blood flow that can be produced by changes in arterial Pco 2. Other factors which have been shown to affect cerebral blood flow could be controlled while arterial PCO~ was varied. The data obtained permitted the derivation of a mathematical description of the effect of arterial PCO~ on cerebral blood flow and cerebral vascular resistance.
METHODS

Cerebral Blood Flow
Cerebral blood flow was measured with two thermistor flowmeters, one in each internal jugular vein (R. Gelfand, personal communication).
The flowmeter consists of a rigid plastic tube, 20 mm long with an inside diameter of 3 mm, into the wall of which are set two thermistors (32PB2, Thermistor Corp. of America). One thermistor is a flow probe, the circuit diagram for which is shown in Fig. I , while the other is a temperature probe.
The flowmeters were calibrated using blood flowing at a known volume per minute and at a known temperature.
Since the calibration curves are temperature dependent, curves were obtained at various temperature levels in the range 33.0-39.5 C (Fig. 2) the amount of CO2 in the inspired gas mixture (the background gas being O,> was gradually increased until 50 % was reached. In three animals hypercarbia was produced first, followed by hypocarbia. The CO2 and 02 were mixed with a ratiometer described by Lambertsen and Wendel (32) . At the end of each experiment the animal was sacrificed and the brain weighed.
RESULTS
The individual values for the parameters measured and calculated are shown in Table 4 with values for the maximum sensitivity calculated from data in the literature. The calculated values were obtained by fitting the best straight line to that data in the range of Pco2 between 20-60 mm Hg, since it is in this range that the maximum sensitivity occurs and since the logistic curve is approximated by a straight line in this region. A straight line approximation was used because the available data does not cover a sufficient range of PC02 to justify fitting a logistic curve to it.
The range of response of cerebral blood flow to change in Pco2 varied from a minimum flow of 45 % of normal to a maximum flow of 240 % of normal. In a study in dogs by Gurdjian, Webster, and Stone (20) in which arterial PCO~ was varied from IO internal jugular flow as a measure of total cerebral blood flow. In the rhesus monkey the cerebral arterial pattern, as well as the venous outflow, resembles that of man (3) . It has been shown that blood from the internal jugular bulbs in man contains only about 3 % of blood derived from extracerebral sources (56). However, a possible source of significant contamination is the common facial vein which drains into the internal jugular vein below its exit from the skull. Therefore, in these experiments the internal jugular vein was carefully dissected up to the base of the skull and the flowmeters inserted as close to the skull as possible. Any tributary veins from the external circulation joining the internal jugular above the flowmeter were ligated. An estimate of the proportion of cerebral circulation draining via venous channels other than the internal jugular veins is difficult to make. About 22 % of the blood in the external jugular veins in man is derived from the cerebral circulation (56). Also, there are veins on the caudal surface of the brain stem which drain into the veins around the spinal cord (23). Batson (2) showed that there is free communication between these vertebral veins about the cord and the intracranial venous channels both in man and in the monkey. Thus the cerebral venous outflow, exclusive of the internal jugular veins, returns by one of two main routes-the external jugular system and the internal vertebral system about the spinal cord.
The proportion of cerebral venous outflow carried by the external jugular system can be estimated by making use of the facts that 22 % of the external jugular blood is derived from intracranial sources (56), and that approximately 80 % of the common carotid flow is directed intracranially and 20 % extracranially (2 I) .
Therefore, 31 the blood present in the external jugular vein derived from intracranial sources represents only about 5 % of the total cerebral blood flow. This estimate neglects any intracranial blood from the veretebral basilar system which may enter the external jugular veins since the figure of 22 % was derived from studies in which dye was injected into the internal carotid artery only. However, the vertebral arteries, in man at least, contribute only a total of I o % to the total cerebral blood flow (22) . Therefore, even if twice as much blood from the posterior circulation as from the carotid system drains via the external jugular veins, this would raise our estimate. only to 5.5 %. Thus the figure of 5 % is probably a fair estimate of the proportion of total cerebral blood flow leaving the brain via the external jugular veins. Since there is no data available on which to base an estimate of the proportion of cerebral venous outflow represented by the internal vertebral system, we will assume that it also represents 5 %. Thus, a total of approximately I o % of the cerebral venous outflow leaves the brain via routes other than the internal jugular veins. This is of the same order of magnitude as the accuracy (=t7 %) with which the flowmeters used were calibrated. Because of this and the uncertainty of the exact proportion of the total cerebral blood flow that is represented by the internal jugular flows, as well as not knowing if this proportion changes with changes in cerebral blood flow, it was decided not to make any corrections but to use the original flow data as obtained. No significant difference was found between the flows in each internal jugular vein. 2. Temperature efect on cerebral hemodynamics. An attempt was made to prevent lowering of the animal's temperature during the experiment since a reduction in body temperature can lower cerebral blood flow. The mean temperature at which the animals were kept was about 35.6 rfr 1.0 C. The lowest value to which any animal's temperature dropped was 33.9 C. Bering et al. (4), working with monkeys, found no change in cerebral blood flow until their temperature fell below 30 C. Meyer and Hunter (40) made measurements of cortical arteries and veins with a micrometer microscope in cats and monkeys and noted no change in the caliber of these vessels until a temperature of 32 C was reached. A progressive reduction in the caliber of these vessels began at 32 C and became more marked at lower temperatures.
However, they noted only slight, if any, change in cerebral blood flow until a temperature below 28 C was reached. Thus, at the temperatures at which these experiments were performed, there was probably no significant effect on cerebral blood flow. 3. effect of anesthesia on cerebral hemodynamics. The effect of barbiturate anesthesia on cerebral blood flow must be considered.
Wechsler et al. (60) found that thiopental anesthesia in man produced a significant reduction in the CMRo2. However, they found no impairment of cerebral blood flow itself in these studies. Fazekas and Bessman (12) reported similar findings in barbiturate-induced coma. Other workers (479 52), however, have found that cerebral blood flow is reduced along with the reduction in CM&, . The dose of thiopental used in these latter studies, however, was about twice that used by Wechsler and co-workers (60) and produced a profound d epth of anesthesia as judged by clinical signs, EEG level, and blood thiopental content. It has been postulated that thiopental causes increased cerebral vascular resistance by a direct action on smooth muscle. Such an effect has been demonstrated on the smooth muscle of the rabbit aorta but in concentrations greater than those used in these studies (48).
Comparable studies with Nembutal in man have not been performed to our knowledge. Sohler et al. (57) observed the effect of Nembutal on the pial vessels of cats and monkeys through permanent cranial windows. There was no effect on these vessels with the dose of Nembutal they used (25-45 "g/kg). A further study by Geiger and Magnes (I 7) in the cat, with Nembutal, showed no effect on cerebral blood flow. Thus it appears that Nembutal in the doses used in this study probably had no significant effect on cerebral blood flow. a. Eject of arterial PO, on cerebral hemodynamics. The lower levels of arterial Paz tended to occur toward the end of an experiment.
This may possibly have been due to the development of atelectasis in these animals or to the development of changes in the lungs secondary to breathing high concentrations of 02 over a period of several hours. However, in spite of the wide range of Paz values obtained in these experiments there was no significant effect on cerebral blood flow at these levels of POT. This is shown in Fig. 4 , where cerebral blood flow is plotted against arterial Paz at constant levels of arterial Pco2. At each Pco:! level, the slope of the regression line relating cerebral blood flow and arterial Pas was not significantly different from zero, and therefore they are shown as having zero slope. Similar results were obtained by Lambertsen (29) in man. He found that arterial PO* levels greater than 50 mm Hg had no effect on cerebral blood flow. The lowest arterial POT reached in the present experiments was 60 mm Hg. 5. E$ect of arterial pH on cerebral hemodynamics. Whether However, as Lassen points out, in the various hyperchanges in arterial pH, other than those produced by changes in arterial Pco~, have a significant effect on cerebral hemodynamics is not entirely clear. Kety et al. (24) found that in diabetic coma cerebral blood flow was increased even though arterial PCO~ was markedly reduced. They attributed this increase in cerebral blood flow to vasodilation caused by the fall in pH due to the marked metabolic acidosis in these patients. However, the possible effect of other biochemical alterations in severe ,diabetic acidosis and coma cannot be eliminated.
Lambertsen and colleagues (3 I ) experimentally separated in man blood pH and PCO~ in both arterial and internal jugular blood and noted their effects on cerebral circulation.
They concluded that cerebrovascular tone was almost quantitatively related to PCO~ and unaffected by changes in pH that were not produced by changes in Pcoz. These studies were performed in the region of normal acid-base balance. The change in bicarbonate concentration was of the order of 4 mM/liter while, in the patients in diabetic coma, the change in bicarbonate concentration was about 20 mM/liter. In the present study there was a tendency for metabolic acidosis to develop during the course of an experiment. The mean decrease in bicarbonate concentration at the end of these experiments due to metabolic acidosis was 5.0 =t 3.2 mM/liter. This figure is comparable to the change in bicarbonate concentration studied by Lambertsen et al. (3 I) , although on the side of metabolic acidosis rather than alkalosis. It might be expected, therefore, that the degree of metabolic acidosis which developed in these experiments had little or no effect on cerebral hemodynamics.
6. Eflect of cerebral perfusion pressure on cerebral hemodynamics. There is contradictory evidence in the literature concerning the effect of changes in cerebral perfusion pressure on cerebral blood flow. Schmidt (53) studied the effect of varying systemic blood pressure on cerebral blood flow in dogs and cats. He concluded that cerebral blood flow passively followed changes in systemic pressure. Sagawa and Guyton (50) reached the same conclusion in their study of pressure-flow relationships in the isolated cerebral circulation of the dog. Fog (15) observed the pial vessels of cats and dogs through cranial windows and noted the effects of changes in blood pressure. These vessels responded by active vasoconstriction to a rise in intravascular pressure until systemic blood pressure was extremely low when all active regulation of vasomotor tone seemed to be lost. His data support the view that autoregulation of the cerebral circulation is present. Lassen (33) published a graph relating cerebral blood flow and mean arterial pressure in man compiled from data in the literature from seven different sources. This shows a constant level of cerebral blood flow over a range of mean arterial pressure from 50 to I 70 mm Hg. Not until mean arterial pressure falls below 50 mm Hg does the cerebral blood flow decline, and then it does so precipitously.
These data tend to suggest the presence of autoregulation of cerebral circulation in man. +i+.i*x Thus we have an expression linear i n the correction terms to be determined (the method of least squares cannot be appl i ed to fitting a curve i n which, as i n the logistic curve, the constants to be determined enter the expression i n other than a linear manner).
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